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Figure 1.1 Map of the approximate distribution ranges for all clownfish species. Data about the 
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Figure 1.2 Phylogenetic relationships among 23 species of clownfishes#
(modified from Santini & Polacco 2006). Open square in left upper corner shows a summary of the 








Figure 1.3 The five subgenera of Amphiprion and the genus Premnas (modified from Allen 1991 
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Table 1.1 Host specificity patterns for 29 species of clownfishes (Premnas (P) and Amphiprion (A)) 
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Figure 1.5 Schematization (in transversal section) of the development of gonads from immature to 
female status in Amphiprion akallopisos. Metamorphosis corresponds to the sex inversion. O: 
Ovarian tissue, OCL: Ovarian Central Lumen; T: Testicular tissue. 1) immature juvenile, 2) 
subadult male, 3) mature male, 4) sex-change process, 5) functional female (Casadevall et al
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Figure 1.6 Aggressive acts in a group. Red symbol = functional breeding individual. Receiver of 
aggressive act shown by arrow. (A) Distribution of aggressive acts in % of the total of observed 
intragroup interactions (= width of arrow). (B) Distribution of appeasement behavior among group 
members. Treatment of the data is the same as in A (modified from Fricke 1979).  (
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Figure 1.7 Various types of intrinsic sonic swimbladder muscles in two batrachoidid species, 
Porichthys notatus (left) and Opsanus tau (right). Sb – swimbladder, SM – sonic muscle (after 
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Figure 1.8 Lateral view of the swimbladder-vibrating mechanisms in fishes of four catfish families: 
A – Platydoras, Doradidae (elastic spring apparatus); B – Synodontis, Mochokidae (elastic spring 
apparatus); C – Pimelodus, Pimelodidae (drumming muscle mechanism); D – Arius, Ariidae (elastic 
spring apparatus). RM – ramus Mülleri (= elastic spring); SB – swimbladder; SM – sonic (= 
protractor) muscle; TP4 – transverse process of the 4th vertebra; VC – vertebral column. (modified 
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Figure 2.1 (A) Oscillogram and (B) sonogram of aggressive sounds (pops) produced by a 83 mm 
Amphiprion clarkii. Acoustic features measured in the signal: (1) pulse duration, (2) pulse period 
and (3) number of pulses in a sound. The colour scale corresponds to the intensity associated with 






Figure 2.2 Oscillogram of submissive sounds (chirps) produced by a 81 mm Amphiprion frenatus. 
Acoustic features measured in the signal: (1) sound period, (2) sound duration, (3) pulse period, (4) 
pulse duration and (5) number of sounds in a train. Numbers in white correspond to the pulse 
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Table 3.1 Summary (mean ± S.D.) of the four acoustic features analyzed from 14 Amphiprion 
akallopisos(
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Figure 3.1 Influence of standard length (SL) on acoustic variables in Amphiprion akallopisos ((! = 
non-breeders,  = males, " = females). Correlations of (A) dominant frequency, (B) pulse duration, 
(C) pulse period and (D) number of pulses per sound against SL. Fish ranged from 28 to 90 mm in 
SL (n = 14). Results are expressed as mean values of all recorded pulses for each individual.  (
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Figure 3.2 Head shaking movements exhibited by Amphiprion perideraion(
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Figure 3.3 Oscillograms and spectrograms of submissive (A) and aggressive (B) sounds produced 
by a 63 mm SL specimen of Amphiprion frenatus showing the differences in (1) pulse duration and 
(2) pulse period. The sonic variable measured in (3) represents the sound duration in the case of 
submissive sounds, and the train duration in the case of aggressive sounds. The colour scale 
corresponds to the intensity associated with the different frequencies, and indicates that aggressive 
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Figure 4.1 Schematic view of the experimental setup used for high-speed video recordings 
associated to sound production in Amphiprion clarkii. A) high-speed camera, B) data acquisition 
box, C) sound amplifier Nexus, D) hydrophone, E) laptop with the recording software Midas, rf: 
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Figure 4.2 Lateral view of Amphiprion clarkii showing the three landmarks used to track the sound 
production movements during the high-speed movies. The landmarks are: 1) the neurocranium, 2) 
the upper jaw tip, and 3) the lower jaw tip. ((
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Figure 4.3 Position of the inserted radio-opaque markers on a lateral X-ray image of Amphiprion 
clarkii (SL = 102 mm). The markers are: 1) the neurocranium, 2) the lower jaw, 3) the basihyal 
bone, 4) the hyoid bar, and 5) the cleithrum bone.((b
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Figure 4.4 Right lateral view of the neurocranium and the pectoral girdle in Amphiprion clarkii. (A) 
Inner view of the left opercular series, suspensorium and lower jaw in grey. (B) Right lateral view 
of the hyoid apparatus when the opercular series and suspensorium have been removed. (C) and (D) 
present some color structures in order to facilitate the understanding of the Figure 4.6. Grey: 
neurocranium, Green: pectoral girdle, Red: lower jaw, Yellow: urohyal, Orange: hyoid bar. 
Osteology labelling: ang, Angulo-articular; bb, Basibranchial; bh, Basihyal; br, Branchiostegal rays; 
ch, Ceratohyal; cl, Cleithrum; cor, Coracoid; cor. pr, Coronoid process; dent, Dentary; ecpt, 
Ectopterygoid; eh, Epihyal; enpt, Entopterygoid; hbr, Hypobranchial; hm, Hyomandibular; hyp. d, 
Hypohyal dorsal; hyp. v, Hypohyal ventral; ih, Interhyal; io, Interopercular; mept, Metapterygoid; 
ncr, Neurocranium; o, Opercular; pal, Palatine; pcl, Postcleithrum; po, Preopercular; ptp, 
Posttemporal; q, Quadrate; rad, Radial; sca, Scapula; scl, Supracleithrum; so, Subopercular; sy, 

























Figure 4.5 Sound production in Amphiprion clarkii. (A) Oscillogram of one pulse. (B) Movements 
of the neurocranium, the hyoid apparatus, the lower jaw and the cleithrum during the production of 
one pulse. Movements are quantified using X-ray video recordings. The red line indicates the 
beginning of the sonic movements; the blue arrows, the pulse onset; and the double dotted lines, the 
pulse duration. $
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Figure 4.6 (A) Schematic representation of skull kinematics in Amphiprion clarkii illustrating the 
different phases of sound production. Sound production occurs in phase 3 when the mouth is closed. 
Colour coding: Grey: neurocranium, Green: pectoral girdle, Yellow: urohyal bone, Orange: hyoid 
bar, Red: lower jaw, Blue: sonic ligament. Arrows indicate displacement. Cones represent inferred 
contraction of a muscle group. Myology labelling: EPAX : epaxialis muscle, HPAX: hypaxialis 
muscle, STH: sternohyoideus muscle. (B) Schematic representation showing the function of the 









































Figure 4.7 (A) Left lateral and (B) frontal 3D representation showing the position of the sonic 
ligaments in the buccal cavity of Amphiprion clarkii. Colour coding: Grey: neurocranium, pectoral 
girdle, opercular series, suspensorium and buccal jaws, Orange: sonic ligaments, Yellow: branchial 














Figure 4.8 Oscillogram of a pulse produced by Amphiprion clarkii. (A) sound from an intact fish, 
(B) sound from the same fish after the upper and lower jaw teeth were cut. The bottom pulse is 
shorter and deprived of the low-amplitude high frequency onset (arrow).$(
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Figure 4.9 X-ray picture in lateral view of Amphiprion clarkii. The vertical dotted line shows the 
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Figure 4.10 Right lateral view of the skull and the anterior part of the vertebral column of a dead 
specimen of Amphiprion clarkii (SL = 85 mm). The specimen has been skeletonized with boiling 
water for removing flesh tissue and oven dried at 60°C. The red dot indicates the site struck with 













Figure 4.11 (A) Right lateral view of a freshly dead specimen of Amphiprion clarkii (SL = 96 mm) 
whose body musculature has been dissected. The red dot indicates the site struck with the impact 
hammer at the level of the fourth rib, and the blue dot is the laser target disc located on the sixth rib 
where vibration was measured. (B) Ventral view of the same specimen illustrating the site where 
swimbladder (SWB) was directly struck with the impact hammer (red dot), and the laser target disc 
where vibration was measured (blue dot).(
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Figure 4.12 Effects of anaesthesia and swimbladder filling on the acoustic features in Amphiprion 
clarkii. The measured acoustic features were: (A) pulse duration, (B) dominant frequency, (C) pulse 
period and (D) number of pulses. Fish (n = 9) ranged in standard length from 55 to 108 mm and all 
recordings were made at 28°C. Asterisks refer to the significance level of the Dunn’s test (**, 
P<0.001). White, grey and black bars represent values (means ± S.D.) before anaesthesia, after 
anaesthesia and after swimbladder filling, respectively.(
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Figure 4.13 Oscillogram of one pulse showing the difference in sound waveform between an intact 
fish (A) and with the swimbladder filled (B). The double dotted lines indicate the pulse duration. 
Power spectrum of the same pulses showing the peak frequency (see white arrows) in an intact fish 
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Figure 4.14 (A) Relationship between swimbladder volume and fish size (SL) in Amphiprion 
clarkii. Fish (n = 10) ranged in SL from 55 to 108 mm. The significance level was determined at 
P<0.05. (B) Comparison between peak frequencies of natural sounds (filled circles) and calculated 
resonant frequencies (open triangles) in Amphiprion clarkii. Note that data were ln-transformed 
because they were exponentially related to SL. Resonant frequencies were calculated for a depth of 
30!cm. The significance level was determined at P<0.05. Analyse of covariance shows that both 
linear models do not differ (ANCOVA, test for common slopes: F1,16=0.0059, P=0.9398).  
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Figure 4.16 Internal silicone cast of the swimbladder in Amphiprion clarkii. (A) Lateral view 
showing the imprints of the ribs. (B) Dorsal view with the imprints of the parapophyses and 
vertebrae. A midline groove is formed in the anterodorsal part because the swimbladder leans 
















Figure 4.17 Cross-section of Amphiprion clarkii at the level of the abdominal cavity. The 
schematic drawing in (A) helps to distinguish the different swimbladder tissues. The tunica externa 
is connected to a fibrous layer lining the myosepta tissues as shown in (B) and (C). (C): 
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Figure 4.18 Waveform of a hammer strike (8 mV, 0.35 N) on buccal jaws and induced sound for a 
85 mm SL specimen of Amphiprion clarkii. Cursors mark the beginning, peak and end of the 
hammer strike. (((((
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Figure 4.19 Comparisons of (A) sound duration, (B) relative amplitude, (C) sound frequency and 
(D) Q3dB for sounds induced by variable force hammer hits on buccal jaws in fish (n = 3) of 
different size ( = 97 mm SL,  = 85 mm SL,  = 76 mm SL). ((
!)3'1(4#0)'6'$#(#8"#4%&#'+0?(4%A0(6'1(0@%&A*611#4((( #(>HKEI@C(F@77<=(A>=EL<(OPW(7\B(WR)U(.YB(>F<(;<C8IE>H(8D(>F<(=E?A(;E?=@>E89(@9G(>F<(E9GJI<G(A8J9G(N@;<D8=7(@=<(=<K=<A<9><G(E9(4E:J=<()RVW(D8=(@(QX(77(+2( AK<IE7<9(8D(&R(.%$+/**R( %F<(F@77<=(N@;<D8=7(N@A(@9(@AH77<>=EI@C(F@CDZIHIC<(NE>F(@( AF8=><=( =EA<( >F@9( D@CC( >E7<( OXRP(7A(@9G(UR5(7AB( =<AK<I>E;<CHB(-( m()6YR((%F<(=E?A(;E?=@>E89(GEAKC@H<G(@( AE9JA8EG@C(K@>><=9( >F@>(?<:@9(NE>F(@(9<:@>E;<(G<DC<I>E89( O.PYB( E9GEI@>E9:( >F@>( >F<( =E?A(N<=<( KJAF<G( E9( O*R!R( @N@H( D=87( >F<(C@A<=( A<9A8=n( 4E:J=<( )RVWYR( 0>( N@A( D8CC8N<G( ?H( @( C89:<=( @9G( :=<@><=( K8AE>E;<(K<@L( O$PYR( e<9<=@CCH( AK<@LE9:B( >F<( AE:9@C(N@A( I87K8A<G( 8D( >F=<<( 8AIECC@>E89(IHIC<A( >F@>( ?<I@7<( K=8:=<AAE;<CH( C89:<=( @9G( :=<@><=B( NF<=<JK89( >F<=<( N@A(
!"#$%&'()(*(+,-./($',/-!%0,.(1&!"#.0+1(0.(!2,3.40+"&+(( PPV(;E?=@>E89( G<I@HB( E9GEI@>E9:( >F@>( >F<( =E?A( C8A>( ;<C8IE>HR( .P( ;E?=@>E89( N@A(@KK=8ME7@><CH(>N8Z>FE=GA(@A( C89:(@A($P(OXR5(7A(@9G(URX(7AB(=<AK<I>E;<CHB(-(m()6n( 4E:J=<( )RVWYR( 2EL<NEA<B( .P( ;<C8IE>H(N@A( @KK=8ME7@><CH( F@CD( @A( ?E:( @A( $P(;<C8IE>H( OPPRV( 77AZP( @9G( V)RU( 77AZPB( =<AK<I>E;<CHB( -( m( )6YR( 18=<8;<=B( >F<(D=<aJ<9IH(AK<I>=J7(8?>@E9<G(D=87(>F<(;E?=@>E89(8D(>F<(=E?A(FE:FCE:F><G(@(;<=H(C8N(K<@L(D=<aJ<9IH(OV)RU)h5RUV("]B(-(m()6nw$P(D8=(>F<(DE=A>(IHIC<(8D(;E?=@>E89(G<I=<@A<G(D=87(VX(>8(5(7A( O+( m( ZWRUXB(6iWRWWWPB(-( m( )6YB(NF<=<@A(.Pw$P( ;<C8IE>H( E9I=<@A<G( D=87(PPR6(>8(5SRP(77AZP(O+(m(WRQ)B(6iWRWWWPB(-(m()6Y(NE>F(E9I=<@AE9:(F@77<=(D8=I<B(E9GEI@>E9:(>F@>(F@=G<=(FE>A(>=@9AD<==<G(FE:F<=(D=<aJ<9IH(<9<=:H(>8(>F<(=E?AR(+8J9G(GJ=@>E89( E9I=<@A<G(D=87(VXRP(>8(SQRS(7A(O+#m(WRS5B(6mWRWPP)B(-(m()6YB(@9G( A8J9G( @7KCE>JG<( E9I=<@A<G( D=87( ZUSR5( >8( Z56RP( Gb( =<C@>E;<( O+# m( WRUXB(
6iWRWWWPB(-(m()6Y(NE>F(F@=G<=(FE>AB(NFEIF(>=@9AD<==<G(78=<(<9<=:H(>8(>F<(=E?AR(09;<=A<CHB(K<@L(D=<aJ<9IH(G=8KK<G(D=87(QWW(>8(SWW("](O+#m(ZWR)QB(6mWRWWWXB(-(
!"#$%&'()(*(+,-./($',/-!%0,.(1&!"#.0+1(0.(!2,3.40+"&+(( PPS(m()6YB(@9G(pSGb(G<I=<@A<G(D=87(VVR6(>8(5R6(O+#m(ZWR6PB(6mWRWWW)B(-(m()6Y(NE>F(F@=G<=(FE>AR(( !87K@=EA89A( 8D( ;@CJ<A( I@CIJC@><G( D=87( =<:=<AAE89A( 8D( ;@=E@?C<( D8=I<(F@77<=( A>=EL<A( E9( >F=<<( AK<IE7<9A( 8D( GEDD<=<9>( AE]<( AF8N<G( >F@>( F@77<=(A>=EL<A( F@G( >F<( A@7<( <DD<I>A( 89(.Pw$P(GJ=@>E89( O#.!,\#B( ><A>( D8=( I87789(AC8K<A`( ?VBSQmWRUUPSB( 6mWR)VVSY( @9G( .Pw$P( ;<C8IE>H( O#.!,\#B( ><A>( D8=(I87789(AC8K<A`(?VBSQmPR)UUSB(6mWRVSUSYB(NF@><;<=(>F<(DEAF(AE]<R((%F<(<DD<I>A(8D(;@=E@?C<(D8=I<(F@77<=(FE>A(89(A8J9G(GJ=@>E89(O#.!,\#B(><A>(D8=(I87789(AC8K<A`(?VBSQmWRUWWVB(6mWR)6X6YB(A8J9G(@7KCE>JG<(O#.!,\#B(><A>(D8=(I87789(AC8K<A`(?VBSQmPR5WWSB(6mWRPQ6QYB(A8J9G(D=<aJ<9IH(O#.!,\#B(><A>( D8=(I87789(AC8K<A`(?VBSQmVRSQ6QB(6mWRPW))Y(@9G(pSGb(O#.!,\#B(><A>(D8=(I87789(AC8K<A`(?VBSQmSRWP)VB(6mWRWXWXY(N<=<(AE7EC@=(NF@><;<=(DEAF(AE]<R((09( @GGE>E89B( >F<=<( N<=<( 98( AE:9EDEI@9>( GEDD<=<9I<A( ?<>N<<9( E9GE;EGJ@CA( 8D(GEDD<=<9>( AE]<( E9( .Pw$P( GJ=@>E89( O"mPRQQ)B( GRDRmVB( 6mWRSXQWY( @9G( .Pw$P(;<C8IE>H(O"mWRVUPB(GRDRmVB(6mWRUXQWYB(@A(N<CC(@A(E9(A8J9G(@7KCE>JG<(O"m)RWPPB(GRDRmVB( 6mWRPS)XYR( ,9( >F<( 8>F<=( F@9GB( A8J9G( GJ=@>E89( O"mS)RS6B( GRDRmVB(
6iWRWWPYB( A8J9G( D=<aJ<9IH( O"mSVRXQB( GRDRmVB( 6iWRWWPY( @9G( pSGb( O"mSVRWSB(GRDRmVB(6iWRWWPY(AF8N<G(AE:9EDEI@9>(IF@9:<A( E9(=<C@>E89(>8( DEAF(AE]<B(NF@><;<=(>F<( F@77<=( D8=I<( O4E:J=<( )RVVYR( %FEA( =<AJC>( AJ::<A>A( >F@>( >F<( @I8JA>EI(K=8K<=>E<A(8D(>F<(=E?A(7E:F>(;@=H(NE>F(E9I=<@AE9:(AE]<R(( +8J9G(GJ=@>E89(@9G(G87E9@9>( D=<aJ<9IH(N<=<( IC8A<CH( =<C@><G( >8( DEAF( AE]<B(@9G(;@=E<G(E9(>F<(A@7<(N@H(@A(9@>J=@C(A8J9GA(K=8GJI<G(?H(DEAFR(%F<(78=<(DEAF(AE]<( E9I=<@A<GB( >F<(78=<( A8J9G( GJ=@>E89( E9I=<@A<G( @9G( G87E9@9>( D=<aJ<9IH(G<I=<@A<G(O4E:J=<()RVVYR(%F<A<(=<AJC>A(N<=<(@CA8(AJKK8=><G(?H(>F<(D=<aJ<9IH(AK<I>=@(D8=(>F<(A8J9G(8D(>F<(A7@CCB(7<GEJ7(@9G(C@=:<(DEAF(NE>F(+2(=@9:E9:(D=87(XQ( >8( QX(77( O4E:J=<( )RVSYn( >F<( A7@CC<A>( DEAF( @I>J@CCH( <MFE?E><G( >F<( FE:F<A>(D=<aJ<9IH(<9<=:HB(NF<=<@A( >F<( C@=:<A>(89<(F@G(>F<( C8N<A>( D=<aJ<9IH(<9<=:HR(09( @GGE>E89B( >F<( pSGb( N@A( @CA8( =<C@><G( >8( DEAF( AE]<B( ?<E9:( C8N<=( E9( ?E::<=(E9GE;EGJ@CAR(( .8><( >F@>( >F<( <MK<=E7<9>@C( >=E@C( I89AEA>E9:( E9( A>E7JC@>E9:( GE=<I>CH( >F<(ANE7?C@GG<=(NE>F(>F<(E7K@I>(F@77<=(GEG(98>(:<9<=@><(JA@?C<(=<AJC>AR(&;<9(@(A8D>(FE>(OyWRPW(.Y(N@A(>=EILH(?<I@JA<(E>(9<@=CH(K8KK<G(>F<(ANE7?C@GG<=R(%FEA(


























Figure 4.20 Waveform of a hammer strike (10 mV, 0.48 N), the velocity of the rib cage vibration 
and the sound waveform induced for a 96 mm SL specimen of Amphiprion clarkii. Cursors mark 
the beginning, peak and end of the hammer strike (H1). Note that the highest peaks of the sound 
waveform are complete by the peak of the hit, which occurs at N1 of vibration when the rib cage is 
compressed, and that the positive acoustic pressure of the signal declines as the force of the hammer 
declines and the rib cage expands. (
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Figure 4.21 Frequency spectrum for a 96 mm SL specimen of Amphiprion clarkii showing the peak 
frequency (~20 Hz) obtained from the vibration of the rib cage induced by a hammer hit of 0.48 N. (((((((
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Figure 4.22 Comparisons of (A) N1+P1 duration and (B) N1+P1 velocity of the first cycle of rib 
cage vibration induced by variable force hammer hits in fish (n = 3) of different size ( = 96 mm 
SL,  = 84 mm SL,  = 69 mm SL). Comparisons of (C) sound duration, (D) relative amplitude, 
(E) sound frequency and (F) Q3dB for sounds induced by variable force hammer hits on rib cage in 
the same fish. 
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Figure 4.23 Power spectra for sounds induced from a small (69 mm SL), medium (84 mm SL) and 
large (96 mm SL) individual of Amphiprion clarkii by variable force hammer hits. Note the inverse 
relation between peak frequency and fish size, being the highest for the small fish (black arrow), the 
lowest for the large fish (blue arrow), and intermediate for the medium fish (red arrow).((
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Table 5.1 Summary of the acoustic variables recorded for Amphiprion and Premnas species. 
Species are presented in ascending size order 
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Figure 5.1 Influence of fish size (SL) on acoustic variables in 14 clownfish species. Correlation of 
(A) pulse duration and (B) dominant frequency against SL. Note that data related to dominant 
frequency were ln-transformed because they were exponentially related to fish size. Fishes ranged 
from 37 to 110 mm (n = 43). The significance level was determined at P<0.05. Results are 
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Figure 5.2 Variation of acoustic features in 14 clownfish species. Results are represented as means 
± 95% confidence intervals. Vertical lines have been added between sets of overlapping species to 
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Table 5.2 Body mass, sternohyoideus muscle (SH) mass and ratio of SH mass to body mass in 
Amphiprion akallopisos, A. clarkii and A. ocellaris 
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